tion factor 6) [7, 8] . IRE1 is a type 1 transmembrane serine/threonine receptor protein kinase which functions as a sensor for misfolded/unfolded proteins in the ER lumen. Activated IRE1 induces the splicing of XBP1 (Xbox-binding protein 1) mRNA by cleaving off its intron [9, 10] . PERK is a type 1 transmembrane protein kinase that transmits stress signals in response to the perturbation of protein folding [11] . When activated, PERK phosphorylates the α subunit of eIF2 (eukaryotic initiation factor 2) leading to the translation of ATF4 and activation of the CHOP promoter [12, 13] . ER stress activates ATF6 by translocating it from the ER to Golgi complex, where it is cleaved by the Golgi-resident serine proteases S1P and S2P (site 1 and site 2 proteases, respectively) [14, 15] resulting in the activation of the transcription of UPR targets such as GRP78, CHOP, and XBP1 [10, 15, 16] . The UPR is generally a pro-survival mechanism, mediated by translation arrest and the induction of a number of transcription factors and chaperone proteins that function to restore ER homeostasis and help the cells adapt to ER stress conditions. However, when ER stress is prolonged or the degree of ER stress is too severe, UPR signaling can initiate programmed cell death by activating stress-induced proapoptotic factors [17, 18] .
A number of recent studies have suggested an important role of ER stress in the pathophysiology of ASD [19, 20] . In particular, genetic variations in several synaptic genes implicated in ASD have been shown to induce ER stress genes. Overexpression of neuroligin (NLGN) 3 mutant has been shown to activate the UPR downstream of the stress sensors ATF6, IRE1, and PERK [21] . Mutated GPR85 resulted in ER stress and impaired dendrite formation of hippocampal neurons [22] . In addition, mutated cell adhesion molecule-1 (CADM1) as well as NLGN3 (R451C) have been shown to upregulate CHOP expression [23] . Furthermore, inherited genetic variants in autism-related CNTNAP2 show perturbed trafficking and ATF6 activation [24] . Although these studies are interesting, it is still not known whether ER stress genes are altered in the brain of ASD subjects. In the present study, we examined the gene expression of ATF4, ATF6, PERK, XBP1, sXBP1, CHOP, and IRE1 in the postmortem middle frontal gyrus of ASD and control subjects. A number of studies including previous reports from our laboratory have shown an important role of the middle frontal gyrus in the pathophysiology of ASD [25] [26] [27] [28] [29] [30] . We hypothesized that the expression of ER stress-related genes is impaired in ASD.
Methods

Postmortem Samples
Postmortem tissues from the middle frontal gyrus of control ( n = 12; male/female = 11/1) and ASD ( n = 13; male/female = 13/0) subjects were obtained from the NICHD Brain and Tissue Bank for Developmental Disorders at the University of Maryland, Baltimore, MD, USA. Table 1 shows a detailed description of the demographics of samples. The individual scores for each of the symptomatic domains according to the Autism Diagnostic Interview-Revised (ADI-R) were obtained from the brain bank website. The information on ADI-R was available for 9 out of 13 subjects with ASD. We did not find any significant difference in confounding variables such as postmortem interval, refrigeration interval, age at death, RNA integrity, and brain pH between ASD and control subjects.
Quantitative Reverse Transcriptase PCR RNA was purified using a commercially available kit (SV RNA Isolation, Promega, Madison, WI, USA). Quantitative reverse transcriptase PCR (qRT-PCR) was performed on a MasterCycler (Eppendorf, Hamburg, Germany) using a SuperScript III Platinum SYBR Green One-Step qRT-PCR kit (Invitrogen, Carlsbad, CA, USA). Gene-specific primers were synthesized by Integrated DNA Technologies. Primers used are given in online supplementary table S1 (see www.karger.com/doi/10.1159/000477212). Ct values of genes of interest were normalized to the mean of housekeeping genes, 18S and β-actin.
Statistics
We used multivariate analysis of covariance (MANCOVA) to examine differences in the mRNA levels of ER stress genes in the postmortem samples of people with ASD relative to control samples including ATF4, ATF6, PERK, XBP1, sXBP1, CHOP, and IRE1. We examined group differences in mRNA levels while considering age, storage time, postmortem interval, pH, and RNA integrity for inclusion as possible covariates in the MANCOVA. Following an initial evaluation of the covariates, age, storage time, and sample pH were retained as covariates given that they possessed at least small associations -correlations of 0.20 and higher -with one or more of the mRNA values. Partial eta-square (η 2 p ) was computed as a measure of effect size difference and p values less than 0.05 were flagged as statistically significant. All analyses were performed using SPSS Statistics 20 software (IBM).
Results and Discussion
The postmortem sample included those of 13 individuals with an ASD and 12 unaffected controls. Age, storage time, RNA integrity, postmortem interval, and sample pH all produced at least small associations with one or more of the mRNA levels of ER stress genes and storage time often produced significant associations ( Table 2 ). All five covariates were therefore evaluated in the overall multivariate model. None of the covariates achieved statistical significance in the prediction of the ER stress genes. The full multivariate model, however, showed that ASD status was a significant predictor of mRNA levels of ER stress genes (Wilk's λ = 0.075, F (7, 12) = 21.00, p < 0.001, η 2 p = 0.925, observed power = 1.00). An examination of the univariate between-subject effects showed that ASD status was associated with a statistically significant increase in the mRNA levels of ATF4 (1.26-fold), ATF6 (1.15-fold), PERK (0.8-fold), XBP1 (0.75-fold), CHOP (2.5-fold), and IRE1 (1.56-fold) ( Fig. 1 ). There was a trend toward significance in sXBP1 mRNA levels (1.1-fold increase; p = 0.06) between control and ASD subjects ( Fig. 1 ) . Table 3 summarizes the association of ER stress genes with domains of the ADI-R. We found significant positive associations of ER stress genes with the stereotyped behavior domain of the ADI-R.
The current knowledge regarding the role of ER stress in the pathophysiology of ASD is mainly based on data from autism-associated mutations in synaptic genes such as NLGN3, CNTNAP2, and CADM1 [19] [20] [21] [22] [23] [24] . Our data provide the first evidence of altered ER stress genes in the brain of ASD subjects. Cotranslational modifications, such as N-linked glycosylation and formation of disulfide bonds, facilitate proper folding of nascent polypeptides in the ER. Glycosylation is of great physiological significance since changes in glycans significantly change the structure and function of polypeptide parts of glycoproteins [31] . Proper glycosylation of membrane receptors is critical for adaptive properties of the cell and affects communication between cells [32] . Altered glycosylation could contribute to the pathophysiology of ASD, and indeed a number of mutations in enzymes involved in glycosylation are found in people with autism [33] .
We found significant increases in ATF4, ATF6, PERK, XBP1, CHOP, and IRE1 mRNA levels in the middle frontal gyrus of ASD subjects. Among these molecules, CHOP is known to interact with the heterodimeric receptors GABA B1a R/GABA B2 R and inhibits the formation of heterodimeric complexes resulting in the intracellular accumulation and reduced cell surface expression of receptors [34] . Interestingly, decreased levels of GABA B1 R and GABA B2 R have been found in the brain of ASD subjects [35] . What are the downstream mechanism mediating ER stress-induced changes in central nervous system function? One potential mechanism is inflammation. Accumulating evidence suggest that pathways activated by the ER stress response induce inflammation. When activated, [36] . In addition, CHOP has been shown to induce the expression of proinflammatory cytokines such as IL-23 [37] . Moreover, ER stress activates NLRP3 inflammasomes via thioredoxin-interacting protein (TXNIP), leading to increases in proinflammatory cytokine levels [38, 39] . In this regard, our earlier studies using the same tissue samples of the present study found increased levels of proinflammatory cytokines IL-1β and IFN-γ in the middle frontal gyrus of ASD subjects [30] .
Also, chronic ER stress is known to induce cellular apoptosis through a number of pathways including CHOP, calcium signaling, and microRNAs [40] . Activa- Increase in mRNA levels of endoplasmic reticulum stress genes in the middle frontal gyrus of autism spectrum disorder (ASD) subjects. mRNA levels of endoplasmic reticulum stress genes were determined by qRT-PCR in the middle frontal gyrus of ASD ( n = 13) and control ( n = 12) subjects. The Ct values were normalized to the mean of 18S and β-actin. a Activating transcription factor 4 (ATF4). b Activating transcription factor 6 (ATF6). c Protein kinase-like endoplasmic reticulum kinase (PERK). d X-box protein 1 (XBP1). e Spliced X-box protein 1 (sXBP1). f CCAAT-enhancer-binding protein homologous protein (CHOP). g Inositol-requiring enzyme 1 (IRE1). * p < 0.05, * * p < 0.01, and * * * p < 0.0001 vs. controls.
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Mol Neuropsychiatry 2017;3:85-91 DOI: 10.1159/000477212 89 tion of PERK triggers a series of transcriptional responses mediated by ATF4 and CHOP, which in turn inhibit the expression of anti-apoptotic protein Bcl2 and induce proapoptotic proteins such as Bcl2-interacting mediator of cell death (BIM) and p53 upregulated modulator of apoptosis (PUMA) [40] . The induction of pro-apoptotic signaling pathway results in the activation of BAX-and BAK-dependent apoptosis at the mitochondria and the activation of the caspase cascade [41] . Interestingly, decrease in Bcl2, but increase in p53 protein levels have been reported in the frontal cortex of ASD subjects [42] . We found that mRNA levels of ER stress genes are positively associated with the stereotyped behavior domain of the ADI-R. It has been shown that autism-associated mutations in NLGN3, which is known to induce ER stress, also increase stereotyped behavior in mice [43] . Similarly, mice lacking CNTNAP2 showed increased repetitive behaviors such as grooming and digging [44] , further suggesting that abnormalities in ASD candidate genes implicated in ER stress induce stereotyped behavior in rodents. The present data was collected in a relatively small number of study subjects, which needs further investigation using larger samples before a conclusion can be drawn. Also, the change in gene expression as part of ER stress axis in ASD could be associated with other priming factors functional on different coordinates of this complex neurodevelopmental disorder. Additional studies are warranted to analyze the ER stress-inducing factors with direct relationship to the pathophysiological changes associated with ASD. To further establish a definitive role of ER stress in ASD pathophysiology, the following questions still need to be addressed: (1) Is ER stress in ASD of neurodevelopmental origin? (2) Are there factors other than mutant synaptic proteins that can trigger ER stress leading to ASD phenotype? (3) Is inflammation triggering ER stress or is ER stress triggering inflammation leading to ASD phenotype? (4) Does ER stress induce changes in neural connectivity between key brain regions implicated in ASD pathophysiology? Future studies addressing the above questions might lead to a better understanding of the pathophysiology and provide new avenues of treatment of this disorder.
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